[1] We examined the pedogenic behavior of lithium (Li) and its isotopes in Hawaii by sampling same-age lava flows under mean annual rainfall ranging from 18 to 300 cm. Lithium concentrations in these soils vary from 1 to 29 ppm. Whereas Na, K, and Ca are completely leached from the soil at the most humid and severely weathered site, Li, Mg, Si, and Al show significant retention due to their association with secondary clay minerals. In these soils, allochthonous Li delivered in marine and mineral aerosol mixes with basalt-derived Li, modifying the isotopic composition of the Li pool. The ability of soil to retain Li is related to its effective cation exchange capacity, which in turn is governed by rainfall and leaching intensity and their resulting effect on mineralogy. Lithium isotope ratios have a large range (d 7 Li of À0.4 to 14%), well beyond the intershield or temporal variation of the lavas of Hawaiian volcanoes (2.5 to 5.7%). The most unweathered samples have d 7 Li ($5-6%) comparable to that of Mauna Kea and Mauna Loa lavas. The Li concentrations and isotope ratios together suggest that in arid to subhumid sites there is a net addition of isotopically heavier lithium from marine aerosol but that under greater rainfall there is a net loss of Li, and isotopically light Li is preferentially retained. Thus, during incongruent weathering of primary minerals, Li, especially 6 Li, is adsorbed and sequestered by the clay mineral fraction of high cation exchange capacity soils in drier regions but lost from highly weathered, low cation exchange capacity acidic soils in the wetter regions.
Introduction
[2] Lithium is the smallest alkali metal with a high charge density that leads to unique behavior in Earth systems. During mineral synthesis it replaces magnesium (Mg) in biotite, pyroxenes, and amphibole. During weathering, it is released from primary minerals, incorporated proportionally with aluminum (Al) in secondary clay minerals, and deposited with them [Hirst, 1962; Horstman, 1957] . Lithium retention occurs because its ionic radius is well matched to the octahedral cavity in clay minerals.
[3] Although the fate of Li and its isotopes in weathering profiles has received little study until recently [Njo et al., 2003; Pistiner and Henderson, 2003] , we can derive some general principles regarding their behavior during soil formation. Selective retention of Li in clays during the alteration of basalt by seawater has been documented, where removal of cations other than Li (Na, Ca, Mg, Fe) leads to the formation of a thick, porous, protonated surface enriched in SiO 2 [Berger et al., 1988] . Chan et al. [1992] demonstrate that at the low temperatures of the seafloor, and isotopically light (4%) basalt takes up Li from concentrated (26 mM Li) and isotopically heavy (32%) seawater and becomes heavier, even though 6 Li is preferentially taken up.
[4] Assuming limited physical erosion, it is possible to assemble a reasonable long-term mass balance for Li during soil formation on basaltic parent material by considering the following factors: (1) the amount of Li added from fresh basalt weathering and its isotopic composition; (2) the amount of Li added from the atmosphere (marine aerosol and/or continental dust) and their isotopic composition; and (3) the amount of Li removed from the soil by leaching and the isotope fractionation accompanying these losses. Here we evaluate how these factors brought about changes in Li concentration and isotopic composition during 170 kyr of weathering of Hawaiian lavas. Specifically, we sampled soil profiles formed in lava flows of similar age and composition and quantified changes in Li as a function of weathering under different amounts of mean annual precipitation (MAP). There are three advantages to using Hawaiian soil climosequence. The first is the relative petrologic simplicity of Hawaiian lavas [Spengler and Garcia, 1988] , which limits concerns about vastly different rates of weathering for different classes of primary minerals. The second is that given the petrologic simplicity, we can quantify minerals in the soils that have been added by mineral aerosols [Chadwick et al., 2003; Kurtz et al., 2001] . This is necessary for isolating weathering processes that have affected the basaltic parent material. The third is that we know a great deal about the climatic environment of Hawaii [Giambelluca and Schroeder, 1998 ] and hence the weathering intensity [Chadwick et al., 2003 ].
Sample Selection and Site Description
[5] We build on a large body of data collected as part of ongoing research characterizing the influence of climate on weathering of basalt and admixed tephra in Hawaii [Chadwick et al., , 2003 Vitousek et al., 1997] . We selected six soil profiles from a climosequence sampled on Kohala Mountain, Hawaii Island (Figure 1 ). The sampling sites range from 18 to 300 cm MAP and were selected to minimize factors other than rainfall that influence the development of soil properties. Selecting sites in slight concavities within gently convex upland positions has minimized excessive water runoff or runon and erosion by lateral flow. For Kohala mountain in general the groundwater table is near sea level, while sampling elevations range from 185 m at site B to 1,254 m at site L. Soil profiles were sampled by horizon and have been previously analyzed for major and trace element concentration, mineral and organic composition, and physicochemical properties (Tables A1-A4 ) [Chadwick et al., 2003; Stewart et al., 2001; Teutsch et al., 1999] . The following site description is largely from Chadwick et al. [2003] .
Climate and Weathering
[6] The east side of the Kohala Mountain receives between 150 to 450 cm of rain because the mountain slopes intercept the northeast trade winds, whereas the leeward side lies in a rain shadow and receives decreasing amounts of rain with distance from the summit (Figure 1 ). Annual temperature varies along the climosequence from 23°C (Site B) to 17°C (Site L). The arid sites (B, E) have negative monthly water balance (precipitation < potential evapotranspiration (PET)) in all months; rainwater infiltrates to depths ranging from about 30 to 70 cm, but soil moisture is rapidly lost through evapotranspiration. Thus primary mineral weathering is nearly complete in the upper B horizons, but below about one-meter depth the lava parent material is unweathered; these soils are not strongly depleted of alkali and alkaline earth cations. The subhumid sites (I, J) have excess water in winter and a deficit in summer; soil water is removed from pores by evapotranspiration in summer, and leaching usually occurs during the winter. In these profiles, primary minerals have been weathered out of the top meter, but the soils still retain some alkali and alkaline earth cations. At humid sites (M, L) precipitation is greater than PET for all months; pore water is never depleted, and leaching occurs year-round. Primary minerals have been completely exhausted, and alkali and alkaline earth cations have been almost entirely leached from these profiles. [7] A paleoclimate model applicable to the higher elevation sites on Kohala takes into account climate change, subsidence, and erosion and suggests that sites with >120 cm MAP (I, J, M, L) were as much as 50% drier during the last glacial period, while the arid sites in the lee of the mountain (B, E) have always been dry [Hotchkiss et al., 2000] . Pollen data, field observation of arid soil, and d
18 O of soils and precipitation lend this model support [Chadwick et al., 2003 ]. An analysis of weathering trends along the climate gradient as well as along an age sequence of humid weathering profiles suggests that drier conditions of the past have had little impact on the present mineral composition and weathering status of the higher rainfall soils [Chadwick et al., 2003 ].
Geologic Setting and Mineralogy
[8] Kohala Mountain is the oldest of five shield volcanoes on the island of Hawaii. It is composed of two volcanic series, the older (0.46 to 0.26 Ma) tholeiitic Pololu and the younger (0.23 to 0.12 Ma) alkalic Hawi flows. The entire climosequence has been sampled from Hawi a'a flows, which form the late stage alkalic cap on the Kohala Volcano ( Figure 1 ). Hawi lavas are basaltic in overall composition, contain no quartz or mica, and have distinctly higher concentrations of Na 2 O, K 2 O, P 2 O 5 , and incompatible trace elements than Pololu lavas [Spengler and Garcia, 1988] .
[9] The rock-forming minerals most abundant in Hawi lavas are plagioclase of andesine composi- [Spengler and Garcia, 1988] . At arid sites halloysite and gibbsite dominate the secondary mineral assemblage with smaller amounts of allophane and ferrihydrite and minor hematite; no 2:1 clays were identified in these soils. At subhumid to humid sites allophane, imogolite, ferrihydrite and organic matter are the major components (Table A4) . Thus, across the climosequence, mineralogy of the soil changes significantly with attendant differences in both structural and surface exchange properties.
[10] Effective cation exchange capacity (ECEC) is a measure of the amount of exchangeable cations (Al, Mg, Ca, Na, K) that can be held electrostatically to soil surfaces under ambient pH conditions. At arid sites, poorly crystalline halloysite, crystalline gibbsite, and hematite have high surface area and variable charge but are not as reactive as the noncrystalline aluminosilicates, and the ECEC is low (Table A1) . At subhumid sites the high surface area of noncrystalline aluminosilicates and organic matter enhance ECEC. In the humid sites, although noncrystalline aluminosilicate and organic matter levels are still high, pH is low (Table A1) , surface sites are masked by H + , and hence ECEC is low. Base cation retention on exchange complex (base saturation in Table A1 ) is high at lower rainfall but drops greatly at the higher rainfall sites as Ca, Mg, Na and K are replaced by Al.
Methods

Li Analyses
[11] Most trace element analyses utilize Li-borate flux fusion technique, and therefore Li concentration data in literature are scarce. We analyzed Li and its isotopic ratio by slightly modifying a method used for river suspended sediments [Huh et al., 2001] . The soil sample is digested with H 2 O 2 , HF, and HClO 4 . We take an aliquot of the digest to measure Li concentrations by flame emission spectrometry using standard addition technique (2% precision). Another aliquot containing $100 ng of Li is put through cation exchange columns and eluted with 0.5N HCl to isolate Li from the matrix. Because Li isotopes fractionate measurably in the ion exchange columns (light isotope is held more strongly to the resin), it is crucial that 100% recovery is achieved. Columns were calibrated with the soil samples, and Hawai- [James and Palmer, 2000; Moriguti and Nakamura, 1998 ], but MgO content is less than 2% in the soil samples and less than 5% for Hawi lava, and the column calibrations proved stable from sample to sample. Organic matter can affect the column flow rate and also ionization in the mass spectrometer. Hence complete digestion and breakup of organics, using H 2 O 2 and UV photooxidation before and after the column procedure, are important. The eluant is evaporated to dryness with phosphoric acid to form lithium phosphate, which is used as the ion source in the TIMS [You and Chan, 1996] . Because Li has only two isotopes, it is not possible to correct for fractionation during instrumental analysis. We rely on consistent control of running parameters including sample size and ionization temperature and on repeated analyses of standards. The in-run error is typically ±0.2%. Reference standards (seawater and JB2) were run during the sample analyses, and the Li concentration and isotopic values (reported by Chan and Frey [2003] ) agree with those reported by other laboratories [James and Palmer, 2000; Moriguti and Nakamura, 1998; Tomascak et al., 1999a] . Overall analytical uncertainty based on repeat samples is ±0.4% (Table 1) . d 7 Li is reported in per mille (%) units relative to the NBS L-SVEC lithium carbonate standard [Flesch et al., 1973] (Tables A2 and A3 ). Carbonate correction was not made specifically, because apatitecorrected CaO was already low and molar Ca/Na ratio less than 1 [McLennan, 1993] .
Mass Balance Calculations
[13] As primary lava weathers to secondary clays through noncrystalline intermediates, the soil column undergoes dilation or collapse. Hence Li concentration alone can be misleading as a gauge of elemental gain/loss. A mass balance calculation relative to an immobile element, niobium (Nb) (Tables A2 and A3) in this case, is more informative [Chadwick et al., 1990] . The basis of these calculations is development of a comparison of element concentrations in weathered soil horizons and in parent material after taking into account volume change associated with addition and loss of mass during soil formation. The analysis requires the use of a relatively immobile element as an indicator of volume change. Kurtz et al. [2000] demonstrated that elements commonly considered refractory, e.g., Al, Zr, Hf, and Th, are in reality mobile relative to Nb or Ta and that the mobility increases with MAP. Zirconium (Zr) and Nb in our soil samples are in general proportional to each other except at the humid sites M and L and in the lower horizons of subhumid site I. Redistribution of Zr (loss from surface horizons and precipitation at depth) is likely responsible (Figure 2 ).
Composition of the Parent Material
[14] We consider three factors to arrive at an estimate of the Li content and isotopic ratio of the parent material. First, the coarse fraction of the lowermost horizon at site B has 64% CIA (Figure 3 ), 9.9 ppm Li, and 6.1% d 7 Li (Table 2) . Second, the fine fraction of the lowermost horizon at site B has 55% CIA, 12.4 ppm Li, and 4.7% d 7 Li (Table 1 ). This C horizon is comparatively unaffected by pedogenic processes and too dense for root penetration especially because of the arid climate, such that even the fine fraction appears to still possess the characteristics of the parent material. Third, data from the Hawaiian Scientific Drilling Project (HSDP; Mauna Kea, Mauna Loa) and the Koolau volcano can be consulted, with the caveat that these are tholeiitic, while the Hawi series is alkalic. Lithium content is homogeneous spatially and temporally at $4 ppm (2.95 to 5.51 ppm) and the isotope ratio likewise has little variation at $4% (2.5 to 5.7%) [Chan and Frey, 2003] . We expect lithium, a moderately incompatible element, to be more abundant in alkalic than in tholeiitic basalt. The isotopic composition, on the other hand, is not likely to differ between the two, because isotopic fractionation is small at magmatic temperatures [Tomascak et al., 1999b] . The parent substrate composition and uncertainty ranges based on these 3 considerations are 11 ± 2 ppm Li and 5 ± 1% d 7 Li. We assume the compositional variation of the parent basalt due to (Table A2 ). The range of the lava is based on 12 fresh Hawi samples, and the lines extrapolate its uncertainty envelope. Soil horizons are labeled for data outside the envelope. fractional crystallization to be smaller than the estimated uncertainty range [Chan and Frey, 2003; Spengler and Garcia, 1988] .
[15] Niobium concentration in the parent material (Nb p ) is assigned 60 ± 9 ppm on the basis of 12 lava samples (Table A2) . Site B is a rare case where we actually have identified the parent material at the bottom of the soil profile. There, Nb content of both the fine (86 ppm) and the coarse (89 ppm) fractions are significantly higher than the average lava value (60 ppm). Therefore, for site B, we use 88 ppm as the Nb p .
[16] We use 1.25 g/cm 3 as the density of the parent material (r p ). This estimate takes into account the density of a'a lava fragments and the void space created by a'a flow emplacement. A portion of the void space becomes filled with tephra that has density much less than 1 g/cm 3 .
Elemental Gain/Loss
[17] Strain (e Nb ) is defined as the fractional volume difference between original lava (V p ) and weathered product (V w ) [Chadwick et al., 1990] :
This is calculated for each horizon and depthintegrated and averaged to 1m for each site ( e Nb ).
In each soil horizon, the mass fraction of Li added to or lost during pedogenesis, relative to the mass of Li originally present in the parent material, is
We depth-integrate and average over 1m ( t Li,Nb ) by weighting the t Li,Nb in each horizon by the product of the horizon thickness (h n ) and the fraction of <2 mm (f n ). The coarse fragments (>2 mm) in the soil horizons are treated as unweathered basalt (Table A1) .
Positive t Li,Nb indicates net gain and negative values net loss of Li.
[18] Depth-integrated d 7 Li for each site is calculated as follows:
where 7 Li n and 6 Li n (mmol/g) are calculated from Li (ppm) and d 7 Li (%) measurements (Table 1) .
Results
Lithium Concentration
[19] Lithium content is reported for the two operationally defined fractions: fine-earth (<2 mm) in Table 1 and coarse fragments (>2 mm) in Table 2 . In Figure 4a we plot Li normalized to the most reliably immobile element Nb. The fine fraction in the A and upper part of B horizons of sites B to J display enrichment of Li relative to Nb, the magnitude of which reaches a maximum at Site I. In sites I to L, there also appear subsurface maxima in Li/Nb ratios in the C or lower B horizons. The Li/Nb ratio of the coarse fraction is relatively constant with depth at both sites B and E. We observe a slight depletion at depth and a greater enrichment near the surface of the fine fraction relative to the coarse at site E (Figure 4a ).
[20] At arid sites B and E, there is a good correlation between Li and %(quartz + mica) (r 2 = 0.65; Figure 5a ) (Table A4 ). It breaks down at more humid sites, where the surface horizons are high in mica and quartz but low in Li because of intense leaching. Lithium does not show significant relationship with other base oxides (Na 2 O, K 2 O, CaO, 7 Li in the fine-earth (<2 mm) and coarse fragments (>2 mm) across the climosequence. At site L, lithium samples were collected at constant depth intervals, and the data are spliced to match up with the horizon-based sampling for Nb. Analytical uncertainty on the Li/Nb ratio is smaller than the size of the symbol and for d 7 Li is about the size of the symbol (±0.4%). Estimated Li/Nb for basalt (2.5 ± 0.4 except 1.7 ± 0.3 at site B) is marked with the short bar at the bottom of the profiles. Li/Nb for dust is 27 ± 6 and for seawater is 1.5Á10
À5
. The d 7 Li estimated for basalt (5 ± 1%) and dust (0 ± 2%) are marked with short bars at the bottom and top of the profiles, respectively. The d 7 Li of seawater is 32%. The letters on the vertical axes indicate master soil horizons: A, mineral, mixed with humus; B, zone of accumulation; C, zone of least weathering. More detailed description of soil horizons is in Table A1 . (Table A4) and Li is poor. Additionally, the organic rich (>17%) layer (Oe horizon) of Site L has relatively low Li content (5 to 7 ppm) ( Table 1 ). [21] The CIA values for the fine fraction are nearly all very high indicating their extremely weathered status; the only exceptions are the two deep C horizons at Site B that are grading into unweathered lava (Figure 3 ). There is a slight decrease of CIA in the A horizons (Figure 3 ) probably reflecting accumulation of less weathered mineral aerosol. The coarse fraction has CIA values significantly lower than the fine fraction and demonstrate the relatively unweathered nature of the former.
Lithium Isotopic Composition
[22] Figure 4b shows the d 7 Li profiles across the climosequence. The total range (À0.4 to 14%) is larger than what is known for present Hawaiian lavas or their temporal variation determined from drill cores (2.5 to 5.7%) [Chan and Frey, 2003; Tomascak et al., 1999b] . The total range within each profile is also quite large (7% for E and 12% for I). At sites E, I, and J, surface and subsurface horizons are isotopically heavier than those near bedrock, and additional subsurface maxima are found. At the most arid site B, the d
7
Li of both the coarse and fine fractions stay relatively constant with depth. At site E, the coarse fraction has d 7 Li that vary little with depth, while the fine fraction exhibits larger excursions. The two fractions merge at the lowermost horizon near the bedrock and in the uppermost horizon, but at mid-depths they diverge and cross over. At Sites M and L, d 7 Li is very low and vary little with depth. d 7 Li and % mica and quartz also shows a positive relationship. The depth-integrated d 7 Li at site B is within the range of the parent material, is similar to or slightly heavier at sites E, I, and J, and is significantly lighter at sites M and L (Figure 7 ).
Gain and Loss of Lithium
[23] Sites B and E experience a small amount of collapse, whereas the subhumid sites are strongly dilated with site I reaching greater than 100% dilation (Table 3) . Sites M and L show a declining amount of dilation, as elemental losses through leaching overcome gains of water and carbon that drive the dilation in the intermediate rainfall sites [Chadwick et al., 2003] . The calculation of changes in Li mass is sensitive to the uncertainty in the Li p /Nb p ratio, which is represented with error bars in Figure 8 . If the Li p /Nb p ratio is constant across the climosequence, the uncertainty in that ratio only shifts the entire curve up or down, and therefore the pattern itself is quite robust. If Li p /Nb p varies from site to site, the shape of the curve can change within the error bars. Li across the climosequence. The dashed lines bracket our best estimate of the parent material (5 ± 1%). Error bars take into account the analytical uncertainty based on duplicate measurements (Table 1) . At site L, in order to integrate to 1 m depth, the d [24] From site B to I, there is progressive net gain of Li (up to $60%) with increasing MAP (Figure 8 ). Thereafter, a dramatic loss is observed with increasing MAP, reaching $75% loss at site L. The gain at sites E, I, and J occurs in the A and upper B horizons; the loss at sites M and L occurs at all depths. This pattern forms an interesting contrast with elements Al, Zr, Hf, and Th, which are leached from the near-surface horizons and enriched at depth [Kurtz et al., 2000] and suggests an additional source of Li at the top of the soil profile. While atmospheric input of material to the surface of Hawaiian soils has been recognized for P, Sr, Si, and REE (Figures 8 and 9 ) and offers insight into the fate of Li during weathering. For Na, K, and Ca, the loss is dramatic and nonlinear with MAP and almost complete at the most humid site (Figure 9a) . Mg, Si, and Al are retained, to varying degrees, as integral parts of neoformed secondary clays and metal oxyhydroxides and are not totally lost even at the most humid site (Figure 9b ). Lithium behaves more like the latter group of elements, still showing some preservation at the humid sites, but a clear net gain at sites E, I and J is in striking contrast to the progressive loss of other elements. As neither marine aerosol nor dust is enriched in Li relative to other major cations, behavioral differences must lie with the ability of soil to retain the different ions.
[26] We propose that at the intermediate rainfall sites, the physicochemical properties of soils are ideally suited to adsorb ions and that if those ions have size and charge that are appropriate for the structural sites of clays, they will be sequestered. The resemblance between the effective cation exchange capacity (ECEC) ( Table A1) and t Li,Nb across the climosequence provides support for adsorption-mediated sequestration of Li (Figures 8 and 10 ). ECEC reaches a maximum at the intermediate rainfall site I but decreases in the humid sites where the soils are acidified (Table A1) .
[27] For the base cations, the effect of ECEC is not very great, because they are easily desorbed from the exchange sites and are not incorporated into the clay structure. In the case of Li, surface enrichment due to high ECEC can enhance sequestration of Li, because of the small radius of Li suited for octahedral (Oh) sites. The amount of Li in soils exchangeable with NH 4 + , i.e., reversibly adsorbed Li, is known to be quite small, at most $1 wt% of total Li in the bulk soil [Anderson and Bertsch, 1988; Anderson et al., 1989] . This is consistent with the high hydration energy of Li. However, a significant amount of adsorbed Li (two thirds for kaolinite and vermiculite) was not exchangeable with NH 4 Cl suggesting it had formed an innersphere complex or occupied a lattice site [Anderson et al., 1989; Davey and Wheeler, 1980] . Thus, Figure 9 . Integrated soil-column net losses and gains of (a) Na ( t Na,Nb ) as representative of easily leached elements (K, Ca) and (b) Al ( t Al,Nb ) as an example of retained elements (Si, Mg). Parent material composition is estimated on the basis of 12 fresh lava. See Table A2 for data. Table A1 for data. though Li is the least adsorbable of the alkali cations, adsorption is a critical step toward its ultimate fixation in the crystal structure. The implication of this hypothetical mechanism is that Li uptake is strongly dependent on soil exchange properties. Noncrystalline clays like allophane and imogolite, found at all sites but predominant in the subhumid to humid sites, have variable and relatively high net surface charge and large external surface area, which enhance the adsorption power.
Isotope Fractionation During Weathering
[28] We think the adsorption-mediated sequestration of Li can also explain some isotope fractionation observed in laboratory sorption experiments. Smectite, gibbsite, and ferrihydrite all take up significant amounts of Li from solution (5 to 18 mg Li taken up per g clay), with large fractionations for gibbsite but none for smectite [Pistiner and Henderson, 2003] . Because gibbsite has single sheets whose Oh sites are exposed rather than shielded by tetrahedral (Td) layers, and because it carries only a small surface charge, Li can undergo repeated adsorption-desorption until 6 Li occupies the site and lowers the free energy. In the case of 2:1 layer clays like smectite which additionally has high surface charge, once either 6 Li or 7 Li forms an inner sphere complex, it is unlikely to desorb and hence the isotopic selectivity is low.
[29] During congruent weathering of primary minerals, in the absence of secondary mineral formation, no isotope fractionation is expected, and indeed none were observed on basalts in a lab experiment [Pistiner and Henderson, 2003] . During incongruent weathering, isotope fractionation can result because of the preference of 6 Li for the solid phase. The d 7 Li depth profile of coarse (unweathered) and fine (weathered) material at sites B and E indicate that at mid-depth, away from the influence of atmospheric input of Li, there is a small but discernible difference in d 7 Li between the two (Figure 4b ). There, the fine fractions are lighter ($2%) than the coarse, suggesting a slight loss of Li to the dissolved load and preferential retention of 6 Li in the secondary clays.
[30] To summarize the main controls on the Li isotopic composition of the Hawaiian soil climosequence, d 
À5
Li/Nb, 32% d 7 Li) in the 2 o'clock direction. Leaching preferentially removes 7 Li from the soil. Our data show that in soils where Li is enriched, d 7 Li is higher than the typical values of the parent rock; where Li is depleted, the isotopic composi- tion is lighter. A simplistic explanation could invoke sea-salt input for the former and leaching and fractionation for the latter. The actual process is more complex, because soil goes through cycles of exchange with atmospheric input, both marine and mineral aerosols, and leaching loss over the 170 kyr accompanied by isotopic fractionation at each stage.
Mass Balance Calculations
[31] In this section, we present a simple calculation to estimate the relative importance of various fluxes of Li into and out of these soils (Table 3) . We analyze these fluxes in terms of Li turnover under different climatic regimes and consider the implications for Li isotopic shifts.
Cyclic Sea-Salt Input
[32] On the basis of the paleoclimate model of Hotchkiss et al. [2000] , we imposed a gradient of cumulative rain from 100% present rainfall at site B to 50% at site L (Table 3) . Because we do not have direct marine aerosol Li data for Hawaii, we resort to measured Na concentrations in rain, which has a range of 8.2 to 56 mM depending on the amount of rainfall [Eriksson, 1957] . We estimated the Na concentration in the rain at each site on the basis of this work. Li is thought to be a nonenriched element, meaning that the elemental ratio in the air is similar to that in seawater [Chester, 1986] . Assuming therefore that the Li/Na molar ratio in marine aerosol is the same as in seawater, 5.2Á10
À5
, we project the Li concentration in rain to be 0.5 $ 3.5 nM from humid to arid site. This corresponds to 10 $ 17 mmolÁLi/cm 2 with the maximum at site I. Li. The concentration is higher and isotopic ratio lighter than our estimate (2 nM and 31%), and entrainment of dust in the atmosphere is likely responsible. Dust input does not figure conspicuously for base cation mass balance because marine aerosol supplies a significant amount, but in the case of P, which is a limiting nutrient and therefore depleted in surface seawater, it is critically important . Li is assumed to be one of the nonenriched elements in continental dust relative to crustal composition, and we adopt the UCC Li/Nb ratio of (24 ± 5 ppm)/(12 ± 1 ppm) = 27 ± 6 molar ratio [Rudnick and Gao, 2003] for Hawaii dust. Li/Nb molar ratio of Hawi lavas is 2.5 ± 0.4. Therefore the addition of continental dust contributes an order of magnitude higher Li than does basalt.
Asian Loess Input
[34] Table 4 lists some data from literature that are relevant to characterizing the composition of the dust over Hawaii. Reservoirs considered are loess, shales, river suspended sediments, and UCC. Asian dust accumulating in the Pacific pelagic sediments are composed of quartz, clays, and mica [Dymond et al., 1974; Jackson et al., 1971; Nakai et al., 1993] . Reported Li content in quartz is 5 to 20 ppm [Dennen, 1966 [Dennen, , 1967 Vorontsov and Lin, 1966] . In mica some extreme ranges have been reported: 3,400 to 4,900 ppm for biotite [Stone, 2000] ; 14,900 to 22,800 ppm for Li-rich mica [Brigatti et al., 2000] ; and 510 to 6,100 ppm for Li-muscovite [Brigatti et al., 2001] . These values are in all probability at the very high end, because the studies had the express purpose of determining the structural positions of Li in clays. A more conservative number is 70 ppm, which is the average abundance of Li in clayey rocks and biotite in granitoids [Heier and Billings, 1978] and is in the range of shales analyzed by Teng et al. [2004] (Table 4 ). In the following calculation we use 24 ppm Li as the [Rea, 1994] . Assuming that Kohala experienced glacial climate $70% of the 170 kyr [Hotchkiss et al., 2000] and that the dust flux during the glacial was $3.5 times higher [Rea, 1994] , we calculate a cumulative dust deposition of $14 g/cm 2 . This is a minimum estimate, as orographic rainfall and cloud water will scavenge and deposit more dust on the windward side of the island than in the Pacific. Kurtz et al.'s [2001] Nd-based and quartz-based estimates for dust accretion rates agree well at site M at 19 g/cm 2 . We interpolated using these two anchor points, 14 g/cm 2 at site B and 19 g/cm 2 at site M, to simulate a more realistic dust deposition rate at each site (Table 3 ). The cumulative deposition of Li from dust increases with MAP: 48 to 69 mmolÁLi/cm 2 using 24 ppm Li and 140 to 200 mmolÁLi/cm 2 using 70 ppm Li.
Leaching Loss
[36] The amount of Li lost by leaching into the dissolved load is calculated using the following mass balance:
The terms on the right hand side are the cumulative input of Li (mmol/cm 2 ) from weathering of lava, marine aerosol, and continental dust over the 170 kyr. Li diss is the cumulative loss from the soil reservoir through leaching. Li soil is the current size of the soil Li reservoir to 1 m depth at each site. Li soil À Li lava can be calculated from the t Li,Nb and e Nb . The leaching loss is greatest at the most humid site and decreases with decreasing MAP, showing that site L has undergone the greatest extent of chemical weathering. The most arid site B is an exception to this trend and will be discussed further in the next section.
Turnover Time of Li in Soils
[37] In Hawaii, owing to the easily weathered lava substrate and humid tropical climate, primary volcanic minerals are replaced by noncrystalline minerals by $20 kyr in the chronosequence at 250 cm MAP [Vitousek et al., 1997] . The Kohala climosequence shows that the same can be achieved in 170 kyr at 140 cm MAP [Chadwick et al., 2003 ]. On nonvolcanic soils weathering rates are slower, and the peak in t Li,Zr (Figure 8 ) may be shifted to higher MAP in a climosequence or take longer time in a chronosequence. The relationship between mineralogy, ECEC, and retention of Li will still hold.
[38] The turnover time of total Ca in the soil pool is on the order of centuries, while it is two to three orders of magnitude longer for P [Kennedy et al., 1998 ]. The turnover time for Li is expected to vary drastically spatially and temporally depending on the mineralogical condition of the soil. It is calculated by dividing the soil Li reservoir by the sum of input from lava, marine aerosol, and dust (Table 3) . The turnover time is longest at site E ($200 kyr) and shortest at site L ($30 kyr). At site B, the turnover time trend with MAP is reversed. There is no reason to think that a lot less marine aerosol has impacted this site, the site is too arid for much leaching to occur, and our sampling minimized possible water erosion. Note that much of the Li occurs in the surface horizons (Figure 4a , Table 1 ). It is possible that wind erosion has removed some of the surface that is most enriched in Li. Site B is arid, lacks a full vegetation cover, and is much more susceptible to wind erosion than the more humid sites. If we assume a similar turnover time at site B as at site E, we can back-calculate the thickness of the topmost horizon that would have eroded over the last 170 kyr. The calculation yields $35 cm, or $2 mm/yr, a not unreasonable loss considering that this site is often impacted by strong downslope winds. Figure 7 ). This model makes the convenient but unrealistic assumption that this is a one-step process.
We calculate the d 7 Li diss to be À12 to 7% (Table 3) . In reality, a Rayleigh-type process probably operates, where repeated cycles of weathering leads to more and more evolved soil pool in terms of its d 7 Li. The one filtered Hawaiian river sample that Pistiner and Henderson [2003] analyzed was 22%. Therefore one can see that indeed quite a significant amount of fractionation would occur with preferential loss of heavy Li in the dissolved load, as has been confirmed by measurements in many settings.
Conclusions
[40] The size of the current soil Li reservoir, the gain and loss of soil Li relative to the parent basalt, the turnover time of Li, and the depth averaged d 7 Li all show a consistent pattern across the climosequence, with maxima at intermediate rainfall sites and a decrease toward both humid and arid sites. The varying soil exchange capacity with rainfall leads to differing degrees of retention of Li from lava and marine and mineral aerosol sources. At subhumid sites where the retention is greatest the turnover time is longest, and at humid sites Li is rapidly leached from the soil profiles resulting in short turnover. Interpretation of the d 7 Li data is more complex (Figure 12 ). At the most arid site, d 7 Li is predominantly basalt end-member with little if any fractionation. As MAP increases, there is mixing certainly with the marine end-member. What seems like simple mixing with the dust end-member is in reality a combination of that and fractionation during weathering, with the former affecting surface horizons and the latter affecting deeper horizons. At $140 cm MAP there is a sudden change, and at the humid sites d 7 Li are all very light suggesting that the heavy marine aerosol has lost its isotopic signature through repeated leaching and attendant fractionation.
[41] The soil climosequence in Hawaii supplied an opportunity to distinguish the competing sources of soil Li (marine aerosol, dust, and basalt) and to gauge the isotopic fractionation during pedogenic processes. Important insight is also gained as to the behavior of Li during neoformation and transformation of clays. These results can provide some constraints on the idea that Li isotopes is a potential paleo weathering intensity proxy [Huh et al., 2001] . The soil results suggest that when the system has reached weathering maturity as in the humid sites of the Kohala climosequence, soils and cation-depleted rocks are inert participants in Li cycling. In such cases, the isotopic composition of a Analytical methods are given in Table A2 . the dissolved load would reflect directly those of the input fluxes: heavy if the marine aerosol is dominant and lighter if weathering of rock or mineral aerosol is dominant. In either case, the dissolved Li delivery to the ocean is proportionately high. When soils contain abundant secondary clays and have high effective cation exchange capacity, they act as a sponge for Li with a preference for 6 Li. Proportionately little Li will be leached from these soils, but we would expect to see the greatest ''apparent'' isotopic fractionation between the dissolved Li that makes its way into the oceans and Li that is left behind in secondary clays. Under arid conditions atmospheric Li may be added and not leached, and chemical weathering or delivery of dissolved Li to the oceans will be small, but Li can also be lost by physical erosion.
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Appendix A
[42] The major and trace element concentrations, mineral and organic composition, and physicochemical properties of the Kohala climosequence samples have already been published by Chadwick and coauthors. Here we summarize literature data relevant to interpreting Li and its isotopes (Tables A1-A4 ). 
